Pseudomonas aeruginosa transposable bacteriophages 93112 and B3 were found to require pili for infection. Seventy mutants of P. aeruginosa PAO selected by resistance to D3112 or B3 were also resistant to the phage not used in the selection and suggested that the receptors of these two phages are identical. Of five resistant mutants examined, all were defective in the production of pili and did not adsorb either phage. P. aeruginosa PAK strains altered in pilus expression, such as hyperpiliated or nonpiliated mutants, adsorbed the phage but were not productively infected, implying that an additional host function was required for infection. The cellassociated lipopolysaccharide was not required for D3112 or B3 infection, since mutants deficient in 0 side-chain and core biosynthesis were still capable of adsorption and productive infection. This is in contrast to Escherichia coli mutator phages Mu and D108, which are dependent on lipopolysaccharide for adsorption. The P. aeruginosa phages adsorbed only to cells grown on solid media or in liquid media supplemented with agents that increase the macroviscosity, such as polyvinylpyrrolidone. Adsorption time course studies of D3112 and B3 using cells grown in solid media revealed similar but not identical adsorption patterns. These studies suggested that expression of the D3112 and B3 cell receptor is induced by growth on solid media.
Pseudomonas aeruginosa bacteriophages D3112 and B3 (24, 25, 33) , like Escherichia coli phages Mu and D108 (9, 16) , are temperate phages which integrate their genomes at many chromosomal locations when undergoing lysogeny. These phages have similar DNA structures, genomes that are packaged as linear molecules with host DNA on both termini (33, 38) and have identical terminal 5' TG nucleotides (N. E. Kent, A. Darzins, and M. J. Casadaban, unpublished data). These phages are also generalized transducing phages and DNA transposons which have been used for many genetic applications, including insertion mutagenesis with drug resistance markers, gene translocation (7, 38) and in vivo DNA cloning (8, 12, 13) . Both P. aeruginosa and E. coli have been classified together in the gamma subdivision of the purple phylum of eubacteria (39) . Although similar in function, P. aeruginosa phage D3112 and E. coli phage Mu grow inefficiently in each other's host if they are first introduced as DNA insertions in broad-host-range plasmid RP4 (32) .
Many transposable phages have been isolated from various clinical isolates of P. aeruginosa (1) . D3112 and B3 are representative of the least-related groups, although they do share approximately 7.5 kilobases of homology near their right termini (1) . These phages appear to use conserved cell receptors, since they can infect many different strains of P. aeruginosa. This situation is similar to that of E. coli phages Mu and D108, which can infect many isolates of the family Enterobacteriaceae (16) . The different host-specific versions of Mu and D108 appear to adsorb to different regions of the cellular lipopolysaccharide (LPS) (20) . Indeed, many other naturally occurring polysaccharides have binding sites for these E. coli phages, as judged by their inactivation when incubated with P. aeruginosa PA01 and Saccharomyces cerevisiae cell walls (C.R. and M.J.C., unpublished data). Even the simple disaccharide sugar gentobiose can slowly inactivate many of these phages (20 Mu can kill P. aeruginosa, implying that some sort of binding occurs, but no evidence for genetic transfer has been detected (C.R. and M.J.C., unpublished data). Krylov et al. (26) have suggested, on the basis of analysis of phageresistant mutants, that P. aeruginosa phages D3112 and B3 are, like coliphage Mu, LPS specific.
To broaden the potential host range of these novel P. aeruginosa phages for genetic applications, we examined their host cell receptors. In this communication, we report that both of the P. aeruginosa transposable phages, D3112 and B3, require pili and not LPS for the infection process. The conservation of pilin protein sequences in P. aeruginosa may explain the wide host range of these phages among clinical isolates.
MATERIALS AND METHODS
Bacterial strains, phages, and growth conditions. Wild-type P. aeruginosa strains PAO1 (14) and PAK (ATCC 25102) were used, except where otherwise indicated. All of the phage-resistant mutants described in this report were obtained from PAO1. PAK mutants with altered piliation, PR1, PR5, and PR13 were obtained from Stephen Lory, University of Washington, Seattle, and are described elsewhere (18) . AK2 (PA0307) and PAO LPS-deficient mutants AK44 (22, 23) , AK1012, and AK1282 were obtained from Andrew Kropinski, Queens University, Kingston, Ontario, Canada, and were isolated by selection for resistance to virulent LPS-specific phages (22) . Mutant AK44 lacks carbohydrate side chains, while AK1012 and AK1282, in addition to lacking 0-specific side chains, also show alterations in the LPS core (A. Kropinski, personal communication Plaques were counted after 16 to 24 h of incubation at 37°C.
The reduction in phage titer was the amount of phage bound or inactivated by contact with the cells.
Isolation and characterization of cellular pili. Cells were grown on the surface of LB-Mg agar plates (150 by 15 mm) for 7 to 8 h at 30°C, collected, and suspended in sterile water to an optical density at 600 nm of approximately 5.0. The suspension was vortexed for 45 s to release more than 95% of the pili (18) , and cells were removed by centrifugation twice at 2,000 x g. A sample of this clear supernatant was lyophilized and suspended in phosphate-buffered saline in a ratio of 0.5 ml per 5 ml of supernatant obtained from the suspension. Another sample was supplemented with 1Ox phosphate-buffered saline to a final concentration of 1 x and centrifuged at 12,000 x g for 20 min, and the supernatant was equilibrated to pH 4.5 with 0.1 M sodium acetate, pH 3.9. After 2 h of incubation on ice, the pili precipitated by isoelectric equilibration were recovered by centrifugation at 12,000 x g for 20 min (10) and the pellet obtained from 20 ml of a suspension with an optical density at 600 nm of 5.0 was suspended in 1 ml of lx phosphate-buffered saline.
Pilin subunits were detected in the samples as a band with an apparent molecular weight of 17,000 (10, 11) on 12 or 15% polyacrylamide-sodium dodecyl sulfate denaturing electrophoresis gels (27) developed by silver staining (Bio-Rad Laboratories Silver Stain Kit). Only 10 to 15% of phage B3 was adsorbed by P. aeruginosa PAO1, and no significant adsorption (<5%) was detected for D3112. The percentage of phage bound did not change with different temperatures (30, 37, and 41°C), media, or assay times (data not shown). However, partial adsorption of B3 was induced after logarithmic growth in liquid medium (Fig.  1) .
Since cells on solidified agar media could be infected as indicated by plaque formation, we tested cells grown on solid media for adsorption. As described in Materials and Methods, the cells were grown overnight on LB plates, collected, and suspended in liquid media, as were cells grown in liquid media. Significantly more phage binding was detected; adsorption of D3112 and B3 increased up to 20 and 50%, respectively.
Induction of binding function. Since the ability of P.
aeruginosa PAO1 to bind these phages appeared to be induced by growth on solid media but not by growth in liquid media we tested the time course of this induction. Figure 1 shows the percentage of phage bound to cells grown for Significant levels of adsorption were also achieved when the cells were grown in 10% polyvinylpyrrolidone (molecular weight, 360,000), a macroviscosity agent that mimics the effect of growth on solid media for induction of expression of lateral flagella in other bacteria, such as Vibrio parahaemolyticus (2). Polyvinylpyrrolidone, however, induced a lower level of adsorption for both phages than did growth on solid media, i.e., 25% for D3112 and 49% for B3, compared with 77.7 and 99.4%, respectively, for cells grown on solid media (Fig. 1) Two distinct sizes of colonies were found. Small colonies when purified could release phage and were apparently an aberrant form of lysogen which was formed by these phages although they initially had temperature sensitivity repressors which were not functional at the nonpermissive temperature. When more phage were used to select resistant mutants, the number of small colonies formed was reduced in proportion to the amount of input phage. This suggested that perhaps a mutant variant of the phage caused these colonies. These were not studied further.
Seventy normal-size surviving colonies from each separate phage infection and 25 colonies from the mixed-phage selection were picked. Two mutant candidates that survived D3112 (D9 and D15) or B3 (B2 and B6) and one that survived both phages (DB14) and failed to release phage were selected for further study. One additional mutant (D26), selected as surviving D3112 infection, remained sensitive to B3 and could form normal-size B3 plaques. D26 did not form plaques with D3112 but was killed by high titers of phage D3112, as evidenced by spots of clearing when undiluted phage lysates were used on soft agar lawns. Most of the mutants were resistant to both D3112 and B3 and were unable to bind these phages (Table 2 ). Mutant D26, however, was still capable of binding both D3112 and B3.
P. aeruginosa pili are the receptors for filamentous phage (21) . All of the D3112-and B3-resistant mutants isolated in this study were also resistant to phages P04 and F116 (Table 2 ). This suggested a preliminary relationship between the D3112 and B3 infection process and pili.
The PAO phage-resistant mutants were more closely analyzed by testing directly for pili by assaying for the presence of the pilin protein. Pili were isolated from parental and mutant strains after growth on solid media for 7.5 h and characterized by polyacrylamide gel electrophoresis. Figure  2A shows the protein pattern present in the crude supernatants of the different strains. The pilin protein, with its apparent molecular weight of 17,000, is evident in lanes 1 and 6 (PAO1 and D26, respectively); however, all of the remaining mutants studied apparently lacked the 17,000-molecular weight band. Similar results were obtained after isoelectric precipitation of pili, as evidenced by absence of the pilin protein in the four mutants tested (Fig. 2B) (6) , while strain PR13 has been shown to lack assembled pili. Mutant PR5, which produces normal amounts of assembled pili, was able to be productively infected with all of the phages tested but with reduced efficiency (Table 1) . This strain characteristically produced turbid plaques. The PAK mutants were also tested for the ability to adsorb to D3112 and B3. In comparison with parental strain PAK, PR5 appeared to adsorb to D3112 normally, while hyperpiliated mutant PR1
showed a slight increase in adsorption and nonpiliated mutant PR13 demonstrated a significant decrease in binding.
All of the mutants demonstrated B3-binding levels that were comparable to that of the parental strain, but because of the normally low level of adsorption, the significance of the difference between them is difficult to interpret.
The results presented in Table 1 point to a higher binding efficiency of PAK to D3112 than that detected with strain PA01. When titration experiments were performed (data not shown), we found that PAK bound D3112 6.8 times better than did PA01. Interestingly, B3 had a higher binding efficiency to PAO1 than to PAK. Consistent with this observation is the finding that PAK was able to bind D3112 after liquid growth, although the efficiency was six times lower than when it was grown on solid medium. It appears, therefore, that PAK is also able to be induced to adsorb to D3112 by growth on solid surfaces.
Inability of pili to inactivate phage. It has been shown that pili are necessary for phage adsorption, but are they sufficient? Receptors for phage, such as the LPS receptor for Mu, can often result in phage inactivation (20) . To test whether D3112 and B3 could be inactivated by pili, a suspension of pili obtained from 5 x 109 cells was mixed with either D3112 or B3. After 40 min of incubation, the suspension was mixed with sensitive recipient cells and soft top agar and plated. The number of PFU in each sample was referred to a control incubated without pili. No significant reduction in the number of PFU was detected when pilus samples were incubated with either D3112 or B3. Differences in the origins of the pili used (PA01 or PAK) or in the purification levels of the samples did not alter the result. Pili by themselves were obviously unable to inactivate the phages.
DISCUSSION
Phages D3112 and B3 belong to a group of transposable phages isolated from clinical strains of P. aeruginosa that are in some respects similar to phage Mu (1). Although no extensive studies have been done on the infection process of these phages, recent evidence suggests that they bind poorly to cells (41) . Other P. aeruginosa phages, like B33 (31), appear to share this property. Here we have presented a method that allows detection of significant levels of phage adsorption and studied the nature of the phage receptor. The results presented in Fig. 1 show that P. aeruginosa cells undergo cell surface changes when grown on solid media. These changes, which correspond to an increased level of phage adsorption, occur only transiently during logarithmic growth, since a progressive decrease in the level of binding was detected after 9 h of growth under these conditions. Induction of binding was quickly induced after inoculation of cells on solid media, as evidenced by the high levels of phage adsorption after only 4 h of growth, and peaked at approximately 8 h. However, the effect was partially maintained for (Fig. 1) . To determine to which cellular structure these phages adsorbed, we isolated a large number of phage-resistant mutants. All of the mutants tested were resistant to both D3112 and B3 (Table 2) , and this resistance was independent of the phage used as the selective agent. More importantly, the resistance was associated with loss of phage adsorption for both D3112 and B3. One exception to this was mutant D26, which was isolated as being D3112 resistant but remained sensitive to B3. The facts that this mutant was partially killed by high-titer lysates of D3112 and that it had normal levels of adsorption for both phages raise the possibility that D26 is a defective lysogen of D3112 which is unable to release phage.
Loss of both adsorption and infectivity suggests that the mutants are defective in the phage receptor. What might be the nature of the phage receptor? The sensitivity of PAO strains deficient in LPS biosynthesis to these phages made it unlikely that a component of the bacterial LPS was used, as the receptor as has previously been proposed (26) . The possibility that polar pili might serve as the phage receptor was initially suggested by the resistance of D3112 and B3 mutants to pilus-specific phages P04 (5) and F116 (21) . This suggestion was confirmed by the demonstration that these resistant mutants lack pili (Fig. 2) and that previously characterized P. aeruginosa PAK pilus mutants (18) were resistant to these phages (Table 1) . However, PAK mutants PR1 and PR13 still showed phage adsorption, perhaps implicating another cell structure in the infection process. This result is in agreement with our finding that the pili were unable to inactivate D3112 and B3. PAK mutant PR13, which is unable to assemble functional pili, was still able to partially adsorb to D3112. It is likely, therefore, that pili act as the primary receptor while a secondary receptor structure(s) is necessary to achieve productive infection and irreversible inactivation of the phages. Only the presence of both receptors in a functional state would allow the infection process to proceed. It is possible that this secondary receptor is responsible for binding of D3112 in the PR13 mutant. In addition to lacking pili, the PAO mutants isolated in this study most likely also lack this secondary receptor.
Although the kinetics of binding for D3112 and B3 are very similar, significant differences in timing and adsorption levels suggest subtle differences between the adsorption processes of these phages. This study suggests that these phages most likely use the same primary receptor but may use different secondary receptors. However, it is also possible that the differences are due to differing affinities for the pili, as suggested by the poor adsorption of B3 to PAK strains, which have pili that are partially different in sequence from PAO pili (36) .
As previously suspected on the basis of examination of the P. aeruginosa pilin gene promotor sequence (19) , the expression of this gene requires a functional rpoN gene for an alternative a factor (17) . Our results show that phage adsorption is activated by growth on solid media, which correlates with the finding that pili are the receptor for these phages, since several rpoN-regulated genes studied share a common mechanism of transcriptional activation that responds to environmental stimuli (34) . Alternatively, expression of the phage receptors on the cell surface may also be associated with expression of other P. aeruginosa virulence determinants, as is the case for pilus biosynthesis in Vibrio cholerae, which is regulated along with expression of the toxin determinants (37) .
Many clinical isolates of P. aeruginosa have been reported to be naturally sensitive to D3112 and B3. This observation is consistent with the presence of pili, which have been implicated as structures that mediate adhesion of the bacterium to susceptible mammalian cells or tissues (40) . The demonstration that pili are important in the P. aeruginosa transposable-phage infection process opens up the possibility of infecting other microorganisms with related pilin sequences, such as V. cholerae (37) , Moraxella bovis (28), Bacteroides nodosus (29) , and Neisseria gonorrhoeae (35) , to use the recently developed genetic systems with mini-D3112 derivatives (7, 8 
